The evolutionary history of the mitochondrial COX2 locus has been used to infer the phylogenetic relationships among 15 peronosporomycete and a hyphochytriomycete species. This molecular phylogenetic analysis at both the ordinal and generic levels provides strong evidence for the recognition of the Saprolegniomycetidae and the Peronosporomycetidae as natural groups, and for the monophyly of the Saprolegniales, Leptomitales and Pythiales. A three amino acid insertion/deletion event (indel) has been identified as a putative synapomorphy for the Saprolegniales. Parsimony mapping of 12 morphological and biochemical characters on the COX2 molecular phylogeny yields an hypothesis for peronosporomycete ancestral states and shared-derived features.
INTRODUCTION
The Peronosporomycetes, traditionally referred to as oomycetes, are a class of fungus-like heterotrophs placed in the Kingdom Straminipila (for initial assemblage see Patterson 1989). The diversity of this Kingdom, whose sole synapomorphy is the appearance of tripartite tubular hairs (stramenopiles) at some point during the life cycle of its members, is The Peronosporomycetes are a ubiquitous group of over 65 recognized genera (500-800 described species) with representatives found in most moist habitats (Dick 1990 (Dick , 1995 . The primary economic impact of the Peronosporomycetes results from the phytopathogenic genera, which include as hosts a wide variety of leguminous and cereal crops, and forest and rosaceous fruit trees. As the causative agents of downy mildews, white rusts, and a variety of root rots and late blights they are a significant detriment to agriculture. Similarly, infection of roe, fingerlings, or freshwater and marine crustaceans and molluscans is of increasing concern to the rapidly expanding field of aquaculture. Yet despite their economic impact, no formal cladistic analysis involving more than a few peronosporomycetes is available, and the evolutionary relationships among the diverse genera within the class remain unresolved.
Over the last 25 yr the major taxa of the Peronosporomycetes have undergone significant revision. The most traditional organization placed the taxa in four major orders: the Saprolegniales (Dick 1973a), the Leptomitales (Dick 1973b) , the Lagenidiales (Sparrow 1973) , and the Peronosporales (Waterhouse 1973). Several major reassessments of peronosporomycete systematics followed (e.g., Cavalier-Smith 1981 , 1986 , 1987 , Beakes 1987 with the most detailed reorganizations proposed by Dick et al (1984) and Dick (1990 Dick ( , 1995 . In generating the most recent of these taxonomic revisions Dick (1995) has provided a testable set of relationships. Based pri-marily on overall similarities of morphological characters, three subclasses (Peronosporomycetidae, Saprolegniomycetidae, and Rhipidiomycetidae) were erected with requisite subdivision and redistribution of existing orders.
Given the paucity of morphological and biochemical data for inferring peronosporomycete relationships, molecular-based approaches are very promising for understanding peronosporomycete phylogeny. Unfortunately, published molecular phylogenetic studies have typically included only one to five genera, and were primarily intended to assess the relationships of peronosporomycetes to other major eukaryotic groups. One of those studies (Forster et al 1990) used three SSURNA sequences to represent the Peronosporomycetidae and Saprolegniomycetidae; these authors noted that the three sequences were very similar to each other and suggested that less conserved DNA sequences may be needed. Subsequently, Lee and Taylor (1992) inferred relationships among several Phytophthora species using more variable rDNA internal transcribed spacer sequences. Neither of these studies, however, was intended to infer a peronosporomycete phylogeny per se, nor has a formal cladistic analysis of this group been published to date. Based on these reports and other studies where SSURNA data were sometimes unable to resolve closely related taxa (e.g., Nadler and Hudspeth 1998), we examined alternative loci prior to initiating our molecular phylogenetic analysis of the Peronosporomycetes.
Several factors suggested that the use of mtDNA would be helpful in establishing a peronosporomycete phylogeny. Foremost among these were: the extensive physical ( In this study we have constructed an hypothesis for the evolutionary history of the peronosporomycete mitochondrial locus (COX2) encoding subunit 2 (COII) of cytochrome c oxidase. By extension, DNA and deduced amino acid sequence data from 15 peronosporomycete taxa and a hyphochytriomycete have been used to infer the phylogenetic relationships among peronosporomycete species. Specifically, we ask if there is molecular support for the recognition of the Saprolegniomycetidae and the Peronosporomycetidae as natural groups; and, whether there is support for the placement of the Leptomitales within the Saprolegniomycetidae as recently proposed (Dick 1995 Sequencing and molecular techniques. DNA sequences of PCR-derived clones were confirmed by the use of different clones for each strand. DNA sequences were determined using the A Taq Cycle Sequencing Kit with 7-deaza-dGTP termination mixes and [a-32P] dATP (ICN, Costa Mesa, California) according to the manufacturer's suggested guidelines (Amersham Corp., Arlington Heights, Illinois). Adjustments were made in the annealing temperature of the labeling reactions based on the theoretical T,,, of each primer used, and again for the termination reaction based on the predicted T, of the extended primer. For example, with an initial primer T,, of 60 C the following sets of parameters were used: labeling at 95 C, 20 s; 55 C, 20 s; repeated 39 times, and termination at 96 C, 45 s; 64 C, 20 s; 72 C, 1 min; repeated 29 times. Ends of inserts were determined by use of pGEM-T specific primers of our own design (GGCCAGTGAATTGTAATACGACTC and GACACTATA-GAATGCTCAAGCTATGC). DNA transfer hybridizations and radiolabeled gene probes were prepared as previously described (Shumard-Hudspeth and Hudspeth 1990).
Sequence data management and phylogenetic analysis. Sequencing data files were organized and maintained using the PCGENE program group (Intelligenetics Inc., Mountain View, California). Clustal V, based on the alignment algorithm developed by Higgins and Sharp (1989), was used for preliminary multiple alignments of both nucleotide and amino acid sequences (Higgins et al 1992). Final alignments were adjusted manually to ensure that codon alignments were maintained. For phylogenetic analysis each homologous sequence position was treated as a discrete character with four possible unordered states (G, A, T, or C). Gaps were treated as missing data. PAUP* (test version 4.0.0d63) was used to infer maximum parsimony trees from these character-state data. Gaps (one nine-nucleotide indel) were treated as missing data in initial analyses; however, the parsimony analyses were repeated with this indel recoded (indel present/absent as the alternative states) as a single character (Swofford 1993, Crandall and Fitzpatrick 1996) . Heuristic parsimony searches (with tree-bisection-reconnection branch swapping) were performed using 1000 replicates of random stepwise addition of taxa. Reported values for consistency indices exclude uniformative characters. Bootstrap resampling (2000 replicates) was used to estimate the relative reliability of inferred monophyletic groups. PHYLIP (version 3.3, Felsenstein 1993) was used for the maximum-likelihood analyses. Program options that were invoked are noted in the text where appropriate.
The nucleotide sequence data presented in this work have been deposited in GenBank as AF086687-AF086701 as a phylogenetic data set. Accession numbers for published sequences used to determine outgroups are as follows: Cyanidium Z48930, Prototheca U02970, Chondrus Z47547, Marchantia M68929, Allomyces U41288, Schizosaccharomyces X54421, Neurospora K00825, and Aspergillus X15441. Alignments and trees have been deposited in TreeBASE as S446 and M657. Alignment of the deduced COII amino acid sequences of the peronosporomycetes, hyphochytriomycete, and two algal outgroups identified a threecodon indel (insertion/deletion event). This deduced tripeptide sequence, which is predicted to lie within the mitochondrial intermembrane space (Holm et al 1987) , is notably absent in all members of the Saprolegniales. It is, however, present as a potentially useful diagnostic feature within the Leptomitales (Saprolegniomycetidae) as -Tyr-Thr-Asp-, and within both the Peronosporales and the Rhipidiales (Peronosporomycetidae) as -Leu-Glu-Phe/Tyr-. The H. catenoides sequence is uniquely -Gln-Thr-Lys-.
RESULTS
Codon usage for the 15 examined peronosporomycete COX2 loci (TABLE I) Outgroup selection.-In the absence of any prior COX2 phylogenetic analyses that included straminopile genera we considered a variety of potential outgroups for our study. It was determined from both the morphological literature (Dick 1990 Within the Saprolegniales s. s. the topology for Achlya, Thraustotheca, Dictyuchus, and Saprolegnia is identical to that inferred from ITS sequence data previously used in examining the evolution of zoosporangial emptying mechanisms for these genera (Daugherty et al 1998) . In the Peronosporomycetidae all studied members of the Pythiales (Dick 1990 ) form a clade.
Two other molecular features discovered in this study also support these interpretations. Absence of the indel appears to be a diagnostic character for the Saprolegniales, whereas codon usage analysis of the FIG. 4, only unambiguous character mappings are noted on the tree) were mapped using parsimony on the ML COX2 tree. Since no data for these characters exist outside of the Peronosporomycetes outgroup taxa could not be used to assist in the polarity determination. However, when considering the most parsimonious distribution of these character states on the ML tree (FIG. 4) 2 2 1 2 2 2 3 2 2 2 1 na   22 2 1 1 12 1 1 1 A   22 2 1 1 12 1 1 11 A   22 2 1 112  1 1 1 1 A   22 2 1 11 2 1 111  A   2 2 2 1 1 1 2 1 1 1 1na   22 2 1 1 1 2 1 1 1 1 1 1 2 3 1 1 1 na   11 1 2 1 1 2 3 1 1 1 na   11 1 2 1 1 2 3 1 1 1 na   11 1 2 1 1 2 3 1 1 1 na   1 1 2 2 2 1 3 1 pings provide hypotheses for the evolutionary interpretation of certain classical peronosporomycete characteristics. For taxa where molecular data are likely to remain difficult to obtain, assessments of which traditional character states represent putative synapomorphies (versus shared ancestral states) are important for developing testable phylogenetic hypotheses. As interpreted from the COX2 ML tree, a solid and hyaline ooplast and the ability to use SO4-2 as a sole source of sulfur appear to be ancestral (plesiomorph-ic) states retained by the Leptomitales, Pythiales, and Rhipidiales; by the tenets of cladistics, shared ancestral states are not informative about phylogenetic relationships. Other ancestral states inferred in this analysis include rarely ornamented intra-epispore membrane, absence of cellulin granules, and nonmarkedly oxidative metabolism. In contrast, a fluid and granular ooplast, and the loss of the ability to use SO4-2 as a sole source of sulfur are inferred to be shared-derived characters for the Saprolegniales (FIG. 4) . Parsimony mapping suggests that three Genus states are putative synapomorphies for the Leptomitales: a gametic membrane in the oospore, presence of cellulin granules, and strongly oxidative metabolism (FIG. 4) . Fermentative metabolism and an elaborate exospore membrane appears to be derived within the Rhipidiales, however, additional taxa are needed to assess if members of this taxon are monophyletic. Character-state distributions for lipid globules and oosporogenesis are consistent with clades representing Peronosporomycetidae and Saprolegniomycetidae. However, ancestral states are equivocal for both characters, thus it is uncertain which clade(s) is supported by a shared-derived state in each case. Mapping of K-body morphotypes (Powell and Blackwell 1995) on the COX2 tree does not yield any unambiguous hypothesis regarding which states may be shared-derived features.
Considering only the presence or absence of the three amino acid indel, loss of these residues is a putative synapomorphy for the Saprolegniales (FIG.  4) . With consideration of the presence and type of amino acids found in Hyphochytrium (the sister-taxon to the Peronosporomycetes in the molecular trees), amino acid states in Leptomitales (YTD), and Pythiales plus Rhipidiales (LEF/Y) are also shared-derived states. The distribution of the character mappings for strict saprophytic nutrition and the requirement for organic nitrogen are identical, which is consistent with the idea that these features may be correlated as a consequence of organismal ecology. However, for these latter two characters parsimony mapping yields equivocal reconstructions for ancestral lineages deep in the tree such that interpretation of the derived versus ancestral condition is not possible by this approach.
An heuristic search of the 12 taxonomic characters for the 15 oomycete taxa yields 5250 trees (maxtrees set to 10 000) each with a length of 18 and a CI of 0.857 (excluding uninformative characters). Both the strict consensus and the 50% majority-rule consensus of these trees yield identical topologies (trees not shown). Characters in these analyses were treated as unordered states and the tree was midpoint rooted because these data were unavailable for the outgroup taxa. Since the indel character is derived from the molecular data set a separate heuristic search excluding it was also performed. The exclusion of the indel made no difference in either tree topology or the number of trees, but treelength was reduced to 16 and CI to 0.833. Although the consensus trees from these analyses were poorly resolved, it is notable that the Saprolegniales and Leptomitales were recovered as monophyletic groups.
